Abstract A limited genetic mapping strategy based on simple sequence repeat (SSR) marker data was used with five grape populations segregating for powdery mildew (Erysiphe necator) resistance in an effort to develop genetic markers from multiple sources and enable the pyramiding of resistance loci. Three populations derived their resistance from Muscadinia rotundifolia 'Magnolia'. The first population (06708) had 97 progeny and was screened with 137 SSR markers from seven chromosomes (4, 7, 9, 12, 13, 15, and 18) that have been reported to be associated with powdery or downy mildew resistance. A genetic map was constructed using the pseudo-testcross strategy and QTL analysis was carried out. Only markers from chromosome 13 and 18 were mapped in the second (04327) and third (06712) populations, which had 47 and 80 progeny, respectively. Significant QTLs for powdery mildew resistance with overlapping genomic regions were identified for different tissue types (leaf, stem, rachis, and berry) on chromosome 18, which distinguishes the resistance in 'Magnolia' from that present in other accessions of M. rotundifolia and controlled by the Run1 gene on chromosome 12. The 'Magnolia' resistance locus was termed as Run2.1. Powdery mildew resistance was also mapped in a fourth population (08391), which had 255 progeny and resistance from M. rotundifolia 'Trayshed'. A locus accounting for 50% of the phenotypic variation mapped to chromosome 18 and was named Run2.2. This locus overlapped the region found in the 'Magnolia'-based populations, but the allele sizes of the flanking markers were different. 'Trayshed' and 'Magnolia' shared at least one allele for 68% of the tested markers, but alleles of the other 32% of the markers were not shared indicating that the two M. rotundifolia selections were very different. The last population, 08306 with 42 progeny, derived its resistance from a selection Vitis romanetii C166-043. Genetic mapping discovered a major powdery mildew resistance locus termed Ren4 on chromosome 18, which explained 70% of the phenotypic variation in the same region of chromosome 18 found in the two M. rotundifolia resistant accessions. The mapping results indicate that powdery mildew resistance genes from different backgrounds reside on chromosome 18, and that genetic markers can be used as a powerful tool to pyramid these loci and other powdery mildew resistance loci into a single line.
Introduction
Grapevine powdery mildew is the most important fungal disease of grapes throughout the world's grape growing regions. The disease is caused by an obligate biotrophic ascomycete, Erysiphe necator (syn. Uncinula necator), and requires living grape tissue for growth and reproduction. Powdery mildew ascospores germinate and develop hyphae, which produce haustoria that penetrate the cuticle and cell wall of the host plant to draw nutrients from epidermal cells. After establishment, mycelial mats form on tissue surfaces that produce conidiophores and chains of conidia. The leaves, shoots, rachis, and maturing berries are all susceptible to infection. Infections on the leaves reduce net photosynthesis and retard shoot and berry development. Severe infections weaken grapevines and lead to loss of fruit quality and yield as a result of berry cracking and cluster rot (http://www.ipm.ucdavis.edu/ PMG/r302100311.html). Mildew scars on berries make them unacceptable for the fresh market. Powdery mildew is controlled by the prophylactic application of fungicides to prevent the fungus from establishing. Application intervals can be as short as 7 days depending upon the weather conditions and shoot growth. This is an expensive and laborious task. In California vineyards alone, over 18,000 metric tons of sulfur were applied to control powdery mildew in 2008 (http://www.cdpr.ca.gov/docs). The California Farm Bureau estimates that without the use of fungicide, California grape production would drop by 97% (http://westrenfarmpress.com/news). E. necator's ability to rapidly develop resistance to commonly used fungicides further hampers efforts to control this disease (Miller and Gubler 2004) . In addition to the cost and risk of resistant strains developing, there is increasing public pressure to reduce pesticide use due to environmental and human health concerns.
Given these biological, economic and environmental concerns, grape breeders have been attempting to develop powdery mildew resistant cultivars with high quality fruit for many years. However, the successful introgression of resistance into existing cultivars via conventional breeding is time consuming and expensive. It can take 10-20 years to develop a new variety with favorable fruit characteristics for table or raisin grape use and longer to incorporate the traits required for good wine quality. It is also extremely difficult to pyramid resistance from different genetic backgrounds into a single line by conventional breeding alone because resistant plants can be phenotyped by greenhouse or field tests, but can only be genotyped if molecular markers are available. Molecular genetic techniques can greatly aid breeders by providing information on the genetics of resistance and by allowing the identification of genomic regions that carry resistance genes from different genetic backgrounds. Thus, enabling the introgression of resistance genes into elite lines via markerassisted selection (MAS) , and the use of MAS to pyramid resistance genes to increase the durability of resistance in the field.
Sources of disease resistance are normally found in geographic regions where populations of the pathogen and host plant co-evolve. Powdery mildew and downy mildew (Plasmopara viticola), another equally serious mildew disease of grape common in warm moist summer climates, are thought to have originated in the eastern and central United States and were imported to Europe by the middle of nineteenth century. Within a short period of time, they spread throughout Europe and the Mediterranean region. Many North American Vitis species are known to have high levels of resistance to both of these mildew diseases (Olmo 1986; Eibach et al. 1989; Staudt 1997) . Although powdery and downy mildew are not reported to exist in Asia, several Chinese Vitis species have resistance to both fungi (Wan et al. 2007 ). This is an unusual situation, given that the Chinese Vitis and the two fungi did not co-evolve. It is possible that other fungal diseases in China may have induced a broad resistance to mildew diseases. Two other species of downy mildew (Plasmopara cissii, and Plasmopara amurensis) exist in China and Chinese Vitaceae may have co-evolved with them (Dick 2002) . Although the mechanism of resistance to these Plasmopara species is unknown, it may also provide resistance to P. viticola and E. necator.
The genetic basis of powdery and downy mildew resistance has been evaluated and mapped in several genetic backgrounds including hybrids developed from North American Vitis species, two Muscadinia rotundifolia accessions (G52 and 'Dearing'), and two Near Eastern V. vinifera cultivars 'Kishmish vatkana' and 'Dzhandzhal kara' (Pauquet et al. 2001; Dalbo et al. 2001; Merdinoglu et al. 2003; Fischer et al. 2004; Akkurt et al. 2006; Hoffmann et al. 2008; Welter et al. 2007; Marguerit et al. 2009; Bellin et al. 2009; Coleman et al. 2009 ). Several Chinese Vitis species (V. amurensis, V. romanetii, V. piasezkii, V. davidii, and V. liubanensis) have also attracted attention as new sources of powdery mildew resistance for use in breeding efforts (Wan et al. 2007 ). Most of the Chinese Vitis species have an advantage over the North American Vitis species in that their fruit flavors are more neutral, while still being fully inter-fertile with V. vinifera. However, a thorough understanding of the inheritance, genetic control, and mechanisms of resistance to powdery mildew is required before these resistance sources can be optimally combined.
Studying the genetics of pathogen resistance requires establishment and phenotyping of breeding/mapping populations, fine-tuning of evaluation techniques, development of genetic maps to enable the identification of genomic regions associated with traits of interest, and identification of genetic markers that can be used for MAS and pyramiding resistance from different backgrounds. Over the past 10 years a tremendous amount of molecular genetic information has become available to the grape research community and has enabled molecular breeding for pest and pathogen resistance. Genetic maps based on readily transferable molecular markers are available from a range of Vitis species backgrounds enabling the identification of genomic regions associated with resistance to fungi, bacteria, nematodes, and horticultural traits (Pauquet et al. 2001; Fischer et al. 2004; Barker et al. 2005; Riaz et al. 2006; Cabezas et al. 2006; Hoffman et al. 2008; Mejía et al. 2007; Walker et al. 2007; Welter et al. 2007; Xu et al. 2008) . The completed grape genome sequence and availability of several physical maps have allowed the search for genes encoding for proteins containing both nucleotide binding sites (NBS) and leucine rich repeats (LRR) domains; sequences often associated with disease resistance (Jaillon et al. 2007; Velasco et al. 2007; Moroldo et al. 2008) . The comparative analysis of grape disease resistance genes to other woody species has further enabled the identification of chromosomal regions that carry resistance genes. Yang et al. (2008) reported that in grapes, NBS-encoding resistance (R-genes) are predominantly clustered on chromosome 4, 5, 7, 9, 12, 13, 15, and 18 . In an earlier study, Di reported on the genetic mapping of resistance gene analog (RGA) markers and found the majority of them were clustered on chromosome 9, 12, 13, 18, and 19. In addition, several RGA clusters mapped to chromosomal regions where genetic resistance to powdery and downy mildew had been mapped (Pauquet et al. 2001; Merdinoglu et al. 2003; Fischer et al. 2004; Akkurt et al. 2006; Welter et al. 2007; Hoffmann et al. 2008; Marguerit et al. 2009; Bellin et al. 2009; Coleman et al. 2009 ). Interestingly, the Run1 (resistance to U. necator 1) and Rpv1 (resistance to P. viticola 1) loci cosegregate on chromosome 12. Sequencing of this region identified a cluster of RGAs encoding TIR-NBS-LRR type resistance proteins (Barker et al. 2005) . So far, the screening of over 5,000 backcross progeny has not revealed a single recombination event between Run1 and Rpv1, which suggests that resistance to both mildews is either encoded by the same resistance gene or different members of the same resistance gene cluster (Dry et al. 2009 ).
Identification and localization of powdery and downy mildew resistance loci from different backgrounds are a valuable information that grape breeders can utilize to exploit alternative powdery mildew resistance resources in a more efficient manner and may not require genetic mapping of all 19 grape chromosomes. To date major loci as well as major and minor QTLs for both powdery and downy mildew resistances from a broad range of Vitis species have been genetically mapped to chromosome 4, 7, 9, 12, 13, 15, and 18 . These chromosomes also carry the majority of the RGA-like genes present in grape Yang et al. 2008) . Co-localization of powdery and downy mildew resistance genes on chromosome 12 (Dry et al. 2009 ) further points to the potential of identifying powdery mildew resistance in similar genomic region from other backgrounds. Grape breeders could utilize a ''limited mapping strategy'' by first generating framework maps with simple sequence repeat markers (SSR) from chromosomes that are reported to be associated with powdery and downy mildew resistance, and then associating these genomic regions with disease evaluation data from relatively small sized populations. Statistical analysis, genetic mapping and QTL analysis can be performed on these limited sets of data. If a major resistance locus exists on these chromosomes, then SSR marker alleles that are linked to resistance can be identified and used to pyramid resistance from different genetic backgrounds; thereby, introgressing potentially different forms or mechanisms of resistance. Meanwhile, identification of QTLs with smaller effects would direct breeders to increase the size of mapping populations and obtain highresolution maps of all the chromosomes to identify other genomic regions contributing to resistance.
In this study, a limited mapping strategy was used to effectively identify a major powdery mildew resistance locus in a F 1 population with resistance inherited from the Chinese species V. romanetii. Major QTLs for powdery mildew resistance were identified from BC 1 , BC 2 , and BC 3 populations, where resistance was inherited from two different M. rotundifolia cultivars 'Magnolia' and 'Trayshed'. QTL analysis was based on phenotypic ratings obtained from natural infections of field-grown plants under high powdery mildew pressure. All plant parts where possible (leaf, cane, cluster rachis, and berries) were evaluated for symptoms of powdery mildew infection. The results for the varying forms of resistance detected in the two M. rotundifolia cultivars, and methods to effectively pyramid genomic regions associated with powdery mildew resistance for breeding will be presented.
Materials and methods

Plant material
The segregation of resistance to powdery mildew was studied in five populations with varying numbers of progeny. Details of these populations and their pedigrees are provided in Table 1 Three populations derived their resistance from JB81-107-11. The 04327 (47 seedlings) and 06708 (97 seedlings) populations were crosses of JB81-107-11 and the susceptible V. vinifera cultivars 'Tokay' and 'Chenin Blanc', respectively. The 04327 population was created in 2004 as a small population to evaluate JB81-107-11's powdery mildew resistance before larger populations were created. This population was screened in the field in 2005 and the results indicated that JB81-107-11 was a promising source of resistance. JB81-107-11 has a complex pedigree with two M. rotundifolia cultivars, 'Trayshed' and 'Magnolia', as well as 'Verdelet', a complex hybrid created from North American Vitis species (Supplementary Table 1 ). The morphological characteristics of JB81-107-11 are typical of vinifera-rotundifolia (VR) hybrids, and it did not had powdery mildew symptoms here in California. In addition to the 06708 population, the 06712 population (80 seedlings) was also created in 2006. It was a cross of the BC 2 selection A90-71 by the susceptible V. vinifera 'Flame Seedless'. The cluster shape of A90-71 is similar to its resistant parent, JB81-107-11, but its leaves, berry shape, size, and color are more V. vinifera-like. No active powdery mildew was found on any plant parts, although occasional ''oil spotting'' of the leaves, where powdery mildew infection was initiated and then suppressed, was observed. A90-71 is fruitful with good seed germination. The 06712 population provided us with an opportunity to verify potential QTLs for powdery mildew resistance in a BC 3 generation. Both the 04327 and 06712 populations were evaluated for disease symptoms in the field as well as with markers from the chromosomes found to be associated with powdery mildew resistance after analysis of the 06708 population ( Table 1) .
The 08391 population was a cross of the powdery mildew resistant BC 2 selection e2-9 and the susceptible V. vinifera 'Malaga Rosada', which produced a BC 3 population containing 93.75% V. vinifera (Table 1) . The resistant selection e2-9 does not show any symptoms of powdery mildew. e2-9 was developed by Olmo at UC Davis using resistance from M. rotundifolia 'Trayshed'. We utilized two SSR markers (VMC4f3.1 and VMC8g9), previously shown to flank the powdery mildew resistance locus Run1 (Barker et al. 2005) , in conjunction with field evaluation data from the BC 1 , and BC 2 populations to identify the alleles in coupling with resistance from 'Trayshed' on chromosome 12 (manuscript in preparation).
'Trayshed' has a unique and different allelic profile for the markers that flank the Run1 locus identified from NC6-15. The selection NC6-15 inherited its resistance from G52, a cross between the M. rotundifolia cultivars 'Thomas' and 'Hope' ( Table 2 ). The highly resistant selection e2-9 did not inherit the resistance alleles that 'Trayshed' possesses on chromosome 12, which prompted a search for additional resistance loci, and a test of their utility in powdery mildew resistance breeding. A total of 324 seedlings from the 08391 population were planted in the field for use in map construction, only 255 survived and they were evaluated for powdery mildew resistance and used for QTL analysis.
The 08306 population inherited its powdery mildew resistance from the Chinese species Vitis romanetii accession C166-043 (DVIT 2732). V. romanetii has relatively stiff and long trichomes on its stems, petioles and veins, and cordate un-lobed leaves. C166-043 is a pistillate vine that flowers early, has neutral flavored fruit, and hybridizes easily with other Vitis species making it an excellent parent for powdery mildew resistance breeding. The susceptible male parent was F8909-08, a Pierce's disease-resistant selection that has been used in other studies (Riaz et al. 2009 ) and shows symptoms of powdery mildew on leaves, stems, and rachis. A total of 42 seedlings were evaluated for disease symptoms and used for map construction (Table 1) .
Disease evaluation
The seedling populations were evaluated under natural infection conditions. Seedlings were planted on their own roots at a spacing of 0.9 m between the plants and 3.6 m between the rows. The seedlings were numbered consecutively and resistant and susceptible plants were randomly interspersed. All susceptible plants showed intense powdery mildew infection indicating that powdery mildew was distributed evenly throughout the experimental plot. In addition, the experimental area was surrounded by other breeding populations and was not sprayed with fungicides to increase the powdery mildew pressure and infection rate. Plants were irrigated and fertilized to promote vigorous growth, which further intensified the likelihood of mildew infection. Powdery mildew symptoms were evaluated based on the extent of infection following the Organisation Internationale de la Vigne et du Vin (OIV 1984) and scored 0 (no disease symptoms), 1 (OIV 9) with tiny one or two spots, 2 (OIV 7) limited patches of powdery mildew infection, 3 (OIV 5) patches of infection that are bigger than 5 cm in diameter, 4 (OIV 3) vast numbers of powdery mildew infection spots and abundant mycelium growth, and 5 (OIV 1) where leaves and other tissue types are covered with unlimited patches of powdery mildew infection. Two people examined each plant and a consensus score was recorded for each plant and tissue type. All plant parts including leaves, canes, and the rachis and berries (when possible), were examined for disease symptoms during September 2009 when powdery mildew pressure was very high and susceptible plants were showing severe symptoms. The presence of powdery mildew scaring on the canes of progeny from the 06708 population was recorded in December 2009 in addition to the September scoring, and both data sets were used for QTL analysis. The 04327 population was evaluated in 2006 for powdery mildew symptoms on all plant parts, and for leaf and cane symptoms in 2005 (Table 1) .
DNA extractions, choice of molecular markers and genotyping
Young leaves were obtained from greenhouse-grown seedlings and field-grown plants. DNA was extracted with a modified CTAB procedure as described by Lodhi et al. (1994) with the exclusion of the RNAase step and with DNA precipitation carried out after one cycle of chloroform-isoamyl alcohol.
A total of 137 SSR markers evenly distributed on chromosomes 4, 7, 9, 12, 13, 15, and 18 were selected and tested on a small set of the parents and progeny of the 06708, 08391, and 08306 populations. These three populations represented the three different genetic backgrounds. The primer sequences have been reported in the following studies or sources: The VMC series was developed by the Vitis Microsatellite Consortium; the VVI series is described in Merdinoglu et al. (2005) ; the UDV primer series is reported in Di Gaspero et al. (2005) , the sequences of the VMC, VVI, and UDV primers are available in the NCBI database uni-STS (http://www.ncbi.nlm.nih.gov/); the ctg primer sequences were obtained from the EST-SSR database developed at the University of California, Davis (http://cgf.ucdavis.edu/), the VChr series primers were developed by Cipriani et al. (2008) . The protocols described by Riaz et al. (2004) were used to amplify and run the DNA samples on denaturing polyacrylamide gels. The PCR amplifications were performed in 10 ll reactions consisting of 10 ng template DNA, 5 pmol of each primer, Alleles that are in coupling to the resistant parents/grandparents are in bold. Alleles that are linked to the resistance are italicized. NC6-15 has been used previously to map the Run1 locus. Based on the comparison of field evaluation data to alleles of linked markers, accession JB81-107-11 has inherited its resistance from Magnolia, and not from Verdelet 2.5 mM of each NTP, 1 ll 109 gold PCR buffer (Perkin Elmer), 0.05 unit AmpliTaq Gold DNA polymerase (Perkin Elmer) and 2 mM MgCl 2 solution. All SSR markers were amplified either at a 56°C or 52°C annealing temperature, keeping all other conditions of the protocol constant: 10 min at 95°C; 35 cycles of 45 s at 92°C, 45 s at 56°C or 52°C, 1 min at 72°C; with a final extension of 10 min at 72°C. All amplifications of the parental and population subset were confirmed by running 3 ll of the PCR reaction product on 1.5% agarose gels. Amplification products were separated on denaturing 5% polyacrylamide sequencing gels and visualized by silver staining with a commercial kit (Promega, Madison, Wisconsin, USA). All gels were scanned and stored in a digital archive. Only informative polymorphic markers were used on the entire 06708 mapping population. Scoring for each marker was double checked, and any ambiguous genotypes were rerun, or scored as missing data. After preliminary mapping and QTL analysis on the 06708 population, SSR markers from chromosomes 12, 13, and 18 that were determined to have candidates for powdery mildew resistance loci were mapped on the 04327 and 06712 populations. Next, SSR markers that were linked to and flanked the powdery mildew resistance loci from all three populations were repeated to verify scoring and to fill any data gaps. Then all markers from chromosome 12, 13, and 18 that were informative for the parents of the 08306 population were mapped on its 42 progeny. Preliminary QTL analysis indicated a strong resistance locus for chromosome 18 only. Thus, chromosome 18 was targeted for the 08391 population given the mapping results for the 08306, 06708, 06327, and 06712 populations. In addition, mapping on chromosome 12 would have been less informative for the 08391 population because results showed that the resistant parent e2-9 did not inherit alleles of SSR markers coupled to the resistance locus Run1.2 on chromosome 12.
Map construction
Polymorphic markers for each population were scored for each parent where possible, and two data sets were generated that contained the meiotic segregation information from each parent. All markers were evaluated by the Chisquare method to detect gametic segregation distortion from a Mendelian 1:1 ratio (P B 0.05). Linkage analysis was performed with JoinMap 4.0 utilizing the double pseudotestcross strategy with a LOD threshold of 5.0, except with the 06708 population where a LOD threshold of 6.0 was used to separate the markers on chromosome 13 and 15. The best marker order was calculated with the regression mapping algorithm and marker order was retained from the first round only. Map units in centimorgans (cM) were derived from the Kosambi mapping function (Kosambi 1944).
QTL and statistical analysis
Many traits of economic importance are complex, but are scored as discrete classes or categories. They do not show continuous variation, but are still treated as quantitative traits (Falconer and Mackay, 1996) . Simple interval mapping (SIM) handles the analysis of ordinal or discrete phenotypic categories. In this study, QTL analysis on the parental linkage maps was performed using two different methods. First, the non-parametric Kruskal-Wallis (KW) rank sum test, designed for categorical data, was applied to the global segregation of each locus and then, SIM was used (Lander and Botstein 1989) . A stringency significance level of P = 0.005 was used for the KW test. Both methods were run using MapQTL 4.0 (Van Ooijen et al. 2002) . The LOD threshold for significant QTLs was calculated at a = 5% for the linkage groups through 1,000 permutations. A maximum LOD value was retained for a QTL position with a ± 1 LOD interval for the confidence interval. A QTL was considered significant only when it was detected by both methods.
The ordinal logistic regression model platform of JMP (8.0) (SAS Institute Inc, North Carolina, USA) was used to estimate the significance of different measured phenotypic traits in association to the chromosomes involved as well as interactions among different chromosomes. The analysis was only run using genotypes with complete marker and phenotypic data. Models were run for each phenotypic trait and for each population. The distribution of traits was calculated for all five populations.
Results
Marker polymorphism and map construction
A total of 137 markers from seven chromosomes were tested on the small set of the two M. rotundifolia cultivars, 'Trayshed' and 'Magnolia', resistant and susceptible parents and four progeny from the 06708 population. Eightyseven SSR markers were polymorphic for the resistant parent JB81-107-11 and were used for the genotyping of the whole population. For each marker, the JB81-107-11 allele that was inherited from 'Magnolia' was scored as '1' and the allele coming from the V. vinifera parent was scored as '0'. This system allowed the marker phase to be kept constant in different generations. JB81-107-11 had normal inheritance for the 'Magnolia' alleles except for three markers on chromosome 7 (VVMD31, VVMD7 and VMC5h5), where no allele of 'Magnolia' was passed on. Thirty-five markers (40%) showed significant segregation distortion (Supplementary Table 2 ). The majority of the distorted markers were from chromosome 7, 13, and 15.
The distortion was caused by an excess presence of alleles inherited from the male parent for chromosome 13 and fewer than expected alleles inherited from the male parent for markers on chromosome 15. Fragmentation of chromosome 7, 9, 13, and 18 was also observed. Marker order was consistent for all chromosomes except 7 and 13, where marker order was not comparable to other available maps (Doligez et al. 2006) . Across the seven chromosomes, the mapped marker number varied from 4 to 22 and a total map length of 385 cM was obtained. 'Trayshed' and 'Magnolia' were also compared with 87 SSR markers. For 59 markers (68%) 'Trayshed' and 'Magnolia' had at least one common allele and for 28 (32%) markers they did not share an allele confirming their genetic divergence. For the two populations from the JB81-107-11 background, 04327 and 06712, 15 and 13 heterozygous markers, respectively, from chromosome 13 and 18 were used to genotype the progeny plants.
Sixty-five previously mapped markers from chromosome 12, 13, and 18 were tested on the parents and a small set of progeny from the 08306 population (Table 1 ). All of the tested markers amplified cleanly for C166-043 (V. romanetii), but only 28 were polymorphic and these were used to genotype the progeny. Twenty-two of the polymorphic markers were mapped to chromosome 12 (9 markers over 31 cM), LG13 (6 markers over 22 cM), and to a fragmented chromosome 18 (7 markers over 39 cM).
Nine markers from chromosome 18 were used to genotype the entire set of 324 progeny from the 08391 population (Table 1) . However, only 255 genotypes were used for QTL analysis; the remaining plants died or were too small to evaluate. The marker order for chromosome 12, 13, and 18 in the 08306 population and for chromosome 18 in the 08391 population was consistent with other published V. vinifera maps.
Trait analysis
Plant responses to powdery mildew infection were distributed across all five symptom classes in the three populations with 'Magnolia'-based resistance from JB81-107-11 (Table 2 ; Fig. 1a-c) . In two of the BC 2 populations (06708 and 04327), the resistance level ranged from category 0, no powdery mildew on any given plant part, to category 5, highly susceptible. The distribution of the genotypes was skewed toward 0, and symptoms on leaf, cane, rachis, and berry were independent of each other suggesting that different genes may control these traits. There were genotypes without powdery mildew symptoms on leaves, but cane, rachis, and berry scores were in category 3 or above. Similarly, there were genotypes with no symptoms on berries (although these berries may have ripened too early to be attacked), but with obvious symptoms on leaves, stems, and rachis. The susceptible parents for all three populations had a ranking of 5 with symptoms on all plant parts. A90-71, the resistant parent of the 06712 population, never had symptoms on the rachis, but many of its progeny had active powdery mildew Fig. 1 Distribution of powdery mildew symptoms observed on different tissue types in three grape populations with resistance derived from JB81-107-11. a and b describes the distribution of different powdery mildew classes in the 06708 and 04327 populations, respectively. c details the distribution of these symptom classes in the 06712 population. Symptoms were classified as 5 = severe and 0 = no symptoms growing on the rachis. The rachis was the most susceptible tissue in the next backcross generation from A90-71. Susceptible plants from the 06712 population had more severe symptoms than susceptible plants from the 06708 and 04327 populations. Active powdery mildew was observed on different tissues of the 06708 and 04327 progeny, but symptoms were more common on canes and leaves, and rare on berries.
Only the leaves of the 08391 population were evaluated for powdery mildew symptoms. Most of the susceptible genotypes had symptoms in category 2-5, or had category 1 symptoms with small darkened spots or oil spot symptoms in which mildew development was arrested shortly after beginning. Resistant plants did not have symptoms on their leaves or stems. The symptom classifications were skewed toward susceptibility (Fig. 2a) . Only 73 out of 255 tested seedlings were scored as 0, without symptoms.
Both stem and leaf symptoms were evaluated in the 08306 population. Most of the symptoms were on the underside of the leaves and to a lesser degree on the upper surface. The susceptible genotypes in this population were often severely infected so that plant growth was dramatically impacted and some genotypes died. The dying plants had stem scores in category 4 and 5. No oil spotting was observed on infected leaves. Although there were only 42 progeny in this population, half of the progeny had no symptoms, while the others spread across the other symptom categories, suggesting that V. romanetii possesses a major resistance locus that controls resistance to powdery mildew (Fig. 2b) .
QTL analysis
Significant QTLs for powdery mildew resistance on the leaf, stem, rachis and berries were identified using both the Kruskal-Wallis and the SIM analysis for only the resistant parents (Tables 3, 4) . There was no association between a genomic region and any marker for resistance for the susceptible parents of the five populations. Three populations with resistance from JB81-107-11 (06708, 04327, and 06712) were used for QTL analysis. The BC 2 populations, 06708 and 04327, had suppressed symptoms on leaves, but no QTL was identified for leaf-based resistance. There were QTLs for stem and rachis resistance identified in the 06708 population, which explained 20.4 and 27.4%, respectively, of the phenotypic variation, and they were located in the same genomic region of chromosome 18. The 04327 population consisted of only 47 progeny, but this was enough to identify QTLs for resistance on the rachis and berries that explained 19.6 and 31.3% phenotypic variation, respectively. QTL analysis was also carried out after combining both populations, and QTLs for resistance on the stem, rachis, and fruit tissue were observed for the same genomic region (data not presented). No other marker or genomic region from the six additional chromosomes (4, 7, 9, 12, 13, and 15) showed any association with resistance for any tissue type in the 06708 population. The SSR markers VMC7f2 and VMCNg1e3 were associated to QTLs for stem, rachis, and berry resistance (Suppl. Fig. 1 ). The markers flanking VMC7f2 were UDV108 and VMC6f11, which were 16.0 and 10.1 cM from the resistance QTL.
To develop more markers to reduce the distance between these flanking markers, the 89 genome sequence of PN40024 was utilized (http://www.genoscope.cns. fr/externe/GenomeBrowser/Vitis/). The clone sequence of VMC7f2 matches to scaffold 24 on chromosome 18 at position 18, 298, 299, 199 . About 800 Kb down stream from VMC7f2's position a 100 Kb sequence from position 19, 094, 194, 275 was scanned for SSRs and four primer pairs (PN18-01-PN18-04) were designed based on these repeats. The PN18-01 primer pair (sense TGCTTGGCACCTTTTGCATACCTGCCTG, antisense CGAGAATATAGATGGGACTTTTTGGTAGGA) clearly (08391) and V. romanetii (08306). Symptoms were classified as 5 = severe and 0 = no symptoms amplified and produced a banding pattern for all V. vinifera cultivars and V. romanetii, but did not amplify with any of the M. rotundifolia cultivars. The VR-hybrids (JB81-107-11 and e2-9) showed only one allele coming from the V. vinifera parent. Considering the M. rotundifolia allele as ''null'', PN18-01 was scored in the 06708 population and it mapped between markers VMC6f11 and VMC7f2, reducing the genetic distance to 5.0 cM (Suppl. Fig. 1 ). The previously published marker UDV305 was also used, but it did not produce a clear banding pattern for any of the parents (Bellin et al. 2009 ). Powdery mildew symptoms on all tissues were more pronounced in the 06712 population, and all five categories of symptom expression were observed. Overlapping QTLs were identified for resistance on all four tissues types on chromosome 18, which explained 12.6-52.8% of the phenotypic variation (Suppl. Fig. 1 ). We named this locus ''Run2.1''. The name Run2 distinguishes it from the Run1 locus that was previously mapped to chromosome 12 and ''0.1'' identifies the M. rotundifolia cultivar 'Magnolia' source (Pauquet et al. 2001) . Table 2 provides the allelic profiles of markers linked to the resistance on chromosome 18 and on chromosome 12 to distinguish the inheritance of alleles from 'Magnolia' and JB81-107-11. A comparison of the alleles indicated that the resistant allele combination 193/202 with markers VMC7f2/UDV108, respectively, was not present in the complex hybrid parent 'Verdelet' but was present in the grandparent 'Magnolia' ( Table 2 ). The cultivar 'Trayshed' has a very different allelic profile with these markers and it is likely that the UC Davis e4-12 accession did not inherit the 'Trayshed'-based powdery mildew resistance on chromosome 18 (Tables 1, 2) . None of the accessions 06708 (97) 04327 (47) 06712 (80) 08391 (255) 08306 (42) Leaf 18 VMCNg2f12 ******* ****** ******* VMCNg1e3 ******* ******* -VVIn16 ******* ******* -PN18-01 --******* VMC7f2 ******* ******* ******* UDV108 ******* ******* ******* Cane 12 ctg1013230 *** UDV024 **** VMC4c10 *** VMC4f3.1 ** 18 VMCNg2f12 ******* **** VMCNg1e3 ******* **** -VVIn16 ******* ** **** -VMC6f11 ****** --PN18-01 ****** --VMC7f2 ******* **** UDV108 ** **** Rachis 18 VMCNg2f12 ******* ******* VMCNg1e3 ******* ** ******* VVIn16 ******* **** ******* VMC6f11 ****** --PN18-01 ****** --VMC7f2 ******* **** ******* UDV108 **** **** ******* Fruit 18 VMCNg1e3 ** ******* VVIn16 *** ******* VMC7f2 *** ******* UDV108 ** ******* Marker order is consistent with the map for each group and population. Markers that were not polymorphic for certain populations are marked as missing ''-'' ** 0.05, ***0.01, **** 0.005, ***** 0.001, ****** 0.0005, ******* 0.0001
Theor Appl Genet (2011) 122:1059-1073 1067 (except F 1 parents F2-35 and 'Trayshed') in the background of UC Davis e4-12 exist any longer, which prevented the examination of their resistance alleles or response to powdery mildew. In the JB81-107-11 background, QTL effects peaked at the VMC7f2 marker with LOD thresholds ranging from 2.26 to 12.55 for different tissue types (Table 4 ). The PN18-01 marker was not scored because the V. vinifera allele from A90-71 was similar in size to the susceptible V. vinifera parent. Due to the lack of a recombination event between VVIn16 and VMC7f2 as well as between VMCNg1e3 and VMCNg2f12, the distance between the VMCNg1e3 and UDV108 markers in the 06712 population was shorter, 2.56 cM, when compared to the 31 cM distance between these markers in the 06708 population (Suppl. Fig. 1 ). This also explains the co-localization of QTLs for all tissue types in one region only around VMC7f2, as compared to the two genomic regions observed in the BC 1 populations 06708 and 04327.
Only leaf symptoms were scored in the 08391 population and a major locus was identified on chromosome 18 at a LOD threshold of 38.14 and explaining 50.0% of the phenotypic variation (Table 4 , Suppl. Fig. 1 ). This locus inherited from 'Trayshed' was named ''Run2.2'' to distinguish it from the Run2.1 locus inherited from 'Magnolia'. Run2.2 was in the same genomic region identified in the three other populations possessing JB81-107-11 parentage.
The PN18-01 marker was not useful in the 08391 population due to the similar allele sizes of the V. vinifera parents, however, PN18-01 was fully informative for the 08306 population and the resistance allele from V. romanetii co-segregated with leaf powdery mildew resistance (Fig. 3) . A major locus for leaf resistance was identified on chromosome 18, which explained up to 70.0% of the phenotypic variation at a LOD threshold of 10.88 (Tables 3, 4 ; Suppl. Fig. 1 ). Previous reports of powdery mildew resistance from a non-M. rotundifolia-based Vitis species named the locus Ren1 and it mapped on Fig. 3 Gel image of the PN18-01 marker assayed in the 08306 population whose powdery mildew resistance is derived from V. romanetii C166-043. The first two lanes consist of the resistant and susceptible parents followed by 42 progeny. The arrow marks the resistant allele from C166-043. Progeny with the resistant allele were devoid of powdery mildew symptoms on their leaves chromosome 13 (Hoffman et al. 2008; Coleman et al. 2009 ). The major locus for powdery mildew resistance in V. romanetii was named 'Ren4' to distinguish it from Ren1. Stem powdery mildew resistance in the 08306 population was linked to markers from chromosome 12 with a significant association at P = 0.005, but QTLs for stem resistance were not identified with the SIM method (Table 3) . When the association of mildew resistance across all four tissues was evaluated with the ordinal logistic regression model the interaction was only highly significant for chromosome 18 across all five populations (Table 5) . No significant interaction of chromosome 18 to the other evaluated chromosomes was observed in any of the five tested populations.
Discussion
In this study, we utilized a limited mapping strategy in conjunction with field evaluation data for powdery mildew resistance in different sized breeding populations with resistance from three different backgrounds. We identified a major locus, Ren4, for powdery mildew resistance in the Chinese species, V. romanetii, and two resistance loci, Run2.1 and Run2.2, from two different M. rotundifolia cultivars ('Trayshed' and 'Magnolia') on chromosome 18. The identification of an overlapping resistance region from three different genetic backgrounds is of significant importance to grape breeders, as well as to molecular biologists studying host-pathogen interactions, the evolution of resistance mechanisms, and comparative analysis of key resistance genes. The region of chromosome 18 where powdery mildew resistance resides has also been found to be coupled with downy mildew resistance loci: Rpv2 from the M. rotundifolia cultivar 'Trayshed'; and Rpv3 from two different populations in which downy mildew resistance is inherited from North American Vitis species (Merdinoglu et al. 2003; Fischer et al. 2004; Welter et al. 2007; Bellin et al. 2009 ). The downy mildew resistance locus, Rpv1, on chromosome 12 is also tightly coupled with the powdery mildew resistance locus, Run1 (Dry et al. 2009 ). Therefore, it was not surprising to find overlapping powdery and downy mildew resistance regions from different genetic backgrounds on chromosome 18. This finding also validates the use of a limited mapping strategy to examine new powdery mildew resistance sources, instead of developing a complete map of all 19 grape chromosomes.
Powdery and downy mildew are biotrophic obligate parasites that originated in North America and coevolved with North American Vitis and Muscadinia species in their native range. Resistance to both diseases is known to be controlled by resistance genes in the NBS-LRR category. This large class of resistance genes (R-genes) are present in clusters and provide a reservoir of genetic variation to facilitate adaptation to rapidly evolving pathogens via gene duplication, unequal crossing-over and diversifying selection (Michelmore and Meyers 1998) . Di mapped 82 RGA-like markers and the majority of these were on chromosome 18. In a recent article from Zyprian et al. (2009) , powdery mildew resistance from Villard blanc, Regent and Börner mapped to chromosome 18 in close association with RGA marker rgVamu137. Other studies have reported mapping of powdery mildew resistance on chromosome 12, 13, and 15, and downy mildew resistance on chromosome 4, 7, 9, 12, 15, and 18 ; chromosomes that are rich with different classes of R-genes families (Pauquet et al. 2001; Merdinoglu et al. 2003; Fischer et al. 2004; Welter et al. 2007; Hoffmann et al. 2008; Marguerit et al. 2009; Bellin et al. 2009 ). In particular, chromosome 18 contains large clusters of the TIR-NBS-LRR category of genes and surpasses all other chromosomes for the number of resistance genes (Velasco et al. 2007; Moroldo et al. 2008; Yang et al. 2008) . Only sequence comparisons of chromosome 18 among diverse resistant backgrounds can reveal the architecture and number of resistance genes involved in the plant-pathogen interaction. In this study, the two cultivars of M. rotundifolia used to map powdery mildew resistance had different alleles for the SSR markers associated with resistance (UDV108 and VMC7f2), and did not have common alleles (Table 2 ). The lack of a priming site for the newly developed SSR marker PN18-01 in M. rotundifolia exemplifies the sequence divergence between Muscadinia and Vitis grape species. In contrast, PN18-01 amplified successfully in V. romanetii, and also had a very different allelic composition compared to the M. rotundifolia cultivars for all other markers where genomic DNA amplified ( Table 2) . The QTL regions associated with resistance on different tissues overlapped in three of the populations based on JB81-107-11, even though the level of resistance observed on the leaf, stem, rachis, and berry did not correlate with each other and seemed to segregate independently. In some cases, field observations detected powdery mildew symptoms on leaves and petioles, but the stems, berries, and rachis were free of symptoms. Conversely, symptoms were detected on berries and the rachis, but not on the stems and leaves. There are no previous reports of observations of similar inverse relationships; however, (Kennelly et al. 2005a, b) reported downy mildew symptoms on berries while the foliage of 'Chancellor' was symptom-free. They also observed symptoms on the foliage of 'Delaware' while the clusters were unaffected. In another downy mildew study, Welter et al. (2007) detected overlapping QTLs for leaf and berry resistance on chromosome 18 from 'Regent'. The overlapping of resistance QTLs for different tissue types that we observed might be an artifact due to small population sizes as well as relatively low-resolution maps. Nonetheless, these maps provide the framework for more focussed research, which will require increasing the population sizes and the number of markers for a targeted region on chromosome 18. The population sizes varied among different genetic backgrounds, from 42 seedlings in the 08306 population to 255 seedlings in the 08391 population. The size of studied population is important for QTL studies. Limited population size leads to under estimation of QTL numbers, over estimation of effects and failure to quantify QTL interactions. Vales et al. (2005) studied the effect of population size on the estimation of QTL for barley stripe rust resistance and came to the conclusion that QTLs with large effect could be detected with relatively small populations, but it was necessary to increase the population size to detect QTLs of small effects. In this study, a major locus in the 08306 population that explains up to 70% of the phenotypic variation was detected (Table 4) . QTLs linked to resistance on different tissues with large effects in overlapping regions were also identified in three populations with JB81-107-11 in their parentage, including a major locus in the 08391 population explaining up to 50% of the phenotypic variation (Table 4) . These results are very promising from a grape breeder's perspective, as they could utilize smaller population sizes and this targeted, limited mapping approach in conjunction with field evaluations to scan additional germplasm resources is a cost effective method. In addition to the overlapping regions and inconsistent symptom expression on different tissues, the genetic distance between flanking markers associated with the powdery resistance of different tissue types varied greatly from the BC 2 to the BC 3 generation (26.8-30.0 to 3.0-7.0 cM). Increasing the population size and map density as well as multiple years of field evaluation data would likely fine-tune the identity of the exact genomic region associated with the resistance of different tissue types. It is also possible that multiple genes from a wider genetic area are involved, and that combinations of genes or different alleles of same gene provide strain specific resistance. The downy mildew resistance of North American grape species is reported to be strain specific (Cadle-Davidson 2008) and it is possible that same situation exists for powdery mildew resistance.
The severity of powdery mildew pressure could vary from year to year due to a varying composition of strains, and strain composition could vary within an experimental plot. Montarry et al. (2008) reported a strong relationship between disease severity and the genetic composition of E. necator populations. Given grape's well-described genome-wide heterozygosity and the resulting variable physiological and morphological characteristics in seedling populations, the magnitude and nature of disease symptoms would be expected to vary, further adding to the complexity of evaluating powdery mildew resistance. Based on field observations in the three M. rotundifolia 'Magnolia'-based populations, it seems unlikely that a single gene could confer resistance to all tissue types. Another confounding factor is that the tolerance level of V. vinifera cultivars to powdery mildew also varies (Roy and Ramming 1990) . Some varieties are very susceptible (ex. 'Carignane' and 'Ruby Seedless') while others are tolerant (ex. 'Barbera' and 'Pinot noir'), suggesting that V. vinifera carries resistance genes that only function when confronted by less aggressive powdery mildew strains, or that only provide partial resistance. We have observed that the selection of V. vinifera parents has a large impact on the ratio of resistant to susceptible genotypes in wine and table grape breeding populations (unpublished data).
Powdery mildew resistance is reported to vary in different cultivars of M. rotundifolia across its native range in the southern US (Carroll et al. 1991) , suggesting that powdery mildew has the capacity to respond rapidly to host-based selection pressure and generate isolates that can overcome M. rotundifolia's resistance. 'Magnolia' is reported to be susceptible in North Carolina (Carroll et al. 1991) , but it has never shown symptoms in California (unpublished data). No field or greenhouse data on the resistance of 'Trayshed' is available outside of California. Based on historical records and the relative resistance of North American Vitis species to powdery mildew, E. necator has been considered to be native to the eastern United States and introduced into all other grape-growing regions of the world (Brewer and Milgroom 2008) . Sequence data in combination with morphological, host, and paleontological information provide powerful approaches to the study of origins and spread of pathogens, and the co-evolution of host-pathogen relationships (Matsuda and Takamatsu 2003) . Studies on the genetic variation of E. necator in Europe and Australia have found only two distinct genetic groups or lineages, termed A and B. Péros et al. (2005) reported that powdery mildew strains in Europe and Australia are quite homogeneous and that the diversity found in E. necator populations is lower than what exists in North American strains. Brewer and Milgroom (2008) studied sequence diversity and genetic lineages of E. necator in North America, Europe, and Australia and found that populations in the eastern US are much more diverse than in Europe and Australia. They also found that the isolates present in California belong to group B, the same as found in Europe and Australia. Many Chinese Vitis species are resistant to powdery and downy mildew, including V. romanetii (Wan et al. 2007 ). The existence of powdery and downy mildew resistance in Chinese species does not fit the model of host-pathogen co-evolution, given that these mildews evolved with North American Vitis species. It is possible that powdery and downy mildew historically existed in China, one of the principle centers of origin of Vitis species. This seems necessary given that R-gene-mediated resistance is the result of a significant period of co-evolution between host and pathogen. A survey of Chinese powdery mildew strains and comparison of their sequences with strains through out the world is needed to test this hypothesis.
The mechanism of the observed resistance in V. romanetii, and both M. rotundifolia cultivars is currently under investigation using leaf disk assays. It seems likely that this resistance is due to a hypersensitive response given the observed arrested fungal growth and necrotic spotting on leaves, stems, rachis, and berries. Considering the variation in virulence of powdery mildew strains from different geographical regions, it is very important for grape breeders to pyramid different resistance sources into single lines to develop durable field resistance. To date, two resistance mechanisms have been reported for powdery mildew. The first is the Run1-mediated resistance that involves the induction of programed cell death within the invaded epidermal cell, 24-48 h after infection. The second is Ren1-mediated resistance, which allows the formation of a germ tube and the establishment of an appressorium, but suppressed hyphal development and conidiophore production (Hoffman et al. 2008; Dry et al. 2009 ). These resistance gene(s) are on different chromosomes, making it possible to pyramid resistance via marker-assisted selection Molnár et al. 2007) . This study's identification and mapping of powdery mildew resistance on chromosome 18 from three different resistance sources advances the powdery mildew resistance breeding effort. Given the time required to introgress resistance from wild species into an elite cultivated background, efforts to complex multiple forms of resistance early in the breeding process should be taken. The identification of an apparently single gene form of powdery mildew resistance from V. romanetii is very important for grape breeders given its neutral fruit flavor and breeding compatibility with V. vinifera cultivars, particularly when compared to M. rotundifolia. Findings from this study also pose more questions, e.g., is the M. rotundifolia-based resistance controlled by the Run1 locus on chromosome 12 the same as that controlled by Run2 on chromosome 18; are these different or duplicated resistance genes? Are the resistance genes in V. romanetii similar to those in M. rotundifolia? Is it possible that V. romanetii carries downy mildew resistance in the same region where powdery mildew resistance has been mapped? If both resistances are present in V. romanetii, it would further expand its breeding value.
